We have measured the brightness variations in η Carinae for the past six years using the Hubble Space Telescope Space Telescope Imaging Spectrograph and Advanced Camera for Surveys. Unlike ground-based data, observations by the HST allow direct measurement of the brightness of the central star by resolving it from the surrounding bright ejecta. We find interesting behavior during 1
Introduction
Two unforeseen developments in recent years have made continued photometry of η Car particularly important: Distinctive brightness variations in the near IR accompany its mysterious 5.5-year spectroscopic cycle (Feast, Whitelock, & Marang 2001; Whitelock et al. 1994 ) and, possibly independent of the cycle (Damineli 1996) , the star brightened at a surprising rate after 1997 (Davidson et al. 1999a,b; van Genderen, Sterken, de Groot, & Burki 1999; Sterken, Freyhammer, Arentoft, & van Genderen 1999) . Neither of these phenomena has been explained and the data since 1998 are seriously incomplete. Meanwhile, the longterm brightening trend continues; for general information about η Car with many references, see Davidson & Humphreys (1997) , and Davidson (2000) .
Photometry of this bright object is difficult for at least two reasons:
1. At visual wavelengths, normal ground-based observations represent mainly the surrounding "Homunculus" ejecta-nebula, which appears much brighter than the central star and has structure at all radii from 0.2 to 8 arcseconds. So far the only available measurements of just the central star have been made with the Hubble Space Telescope (HST). Although the Homunculus is primarily a reflection nebula, its apparent brightness measured with respect to the central star has changed greatly. During 1998-99, while ground-based observations showed about a 0.3-magnitude brightening of Homunculus plus star, the star itself nearly tripled in apparent brightness )! This discrepancy presumably involves dust along our line of sight to the star, but, as mentioned above, it is only vaguely understood at this time.
2. Numerous strong emission lines produced in the stellar wind perturb the results for standard photometric systems. Hα and Hβ emission, for example, have equivalent widths of about 800 and 180Å respectively in HST spectra of η Car. Therefore, broadband U, B, R, and I magnitudes, and most medium-band systems as well, are poorly defined for this object. Photometry around 5500Å, e.g. broad-band V , is relatively free of strong emission lines, but transformations from instrumental magnitudes to a standard system are imprecise because they involve the other filters (Davidson et al. (1999b) , Sterken, Freyhammer, Arentoft, & van Genderen (2001) , van Genderen, Sterken, & Allen (2003a) , and references therein).
In this paper we report photometry of the central star obtained with two HST instruments since 1998. For reasons noted above, these observations are quite distinct from all ground-based data; and the star's photometric behavior during 2003 proved to be especially interesting. First we employ acquisition images produced by the Space Telescope Imaging Spectrograph (STIS), because these are numerous and internally reliable; η Car has been observed many times with this instrument since 1998, especially during mid-2003 when the most recent "spectroscopic event" occurred. These broad-band red data cannot be transformed to any standard photometric system, but they are quite reliable for showing relative fluctuations by the star (strictly speaking, the stellar wind), uncontaminated by light from the surrounding Homunculus. We also report surprising variations in the star's Hα emission brightness accompanied by measurements of the nearby continuum in the STIS slit-spectroscopy data.
We supplement the STIS data with similar measurements of a few images obtained in 2002-03 with HST's Advanced Camera for Surveys (ACS). These represent a different set of wavelength bands. Altogether these STIS and ACS results probably represent most of the photometry of η Car that will ever be obtained with the HST. Very few additional STIS observations are expected now that the 2003 event has passed. Earlier HST/FOS, FOC, WFC-PC, and WFPC2 data were not obtained often enough to be suitable for our purposes, and in most cases would be more difficult to compare photometrically, for technical reasons. We report the STIS and ACS data now, rather than waiting for two or three more data points in 2004, because the behavior during 2003 was rather unexpected and therefore deserves to be noted promptly.
In addition, we briefly present a convenient summary of η Car's photometric record in the AAVSO archives. These 'V' magnitudes represent, of course, the entire Homunculus plus star but they are valuable for comparisons with the HST data and also with ground-based photometry using different filter systems, reported by, e.g., Feast, Whitelock, & Marang (2001) , van Genderen, Sterken, de Groot, & Burki (1999) , Sterken, de Groot, & van Genderen (1996) , Whitelock et al. (1994 ), Fernandez Lajus et al. (2003 , and van Genderen, Sterken, Allen, & Liller (2003b) .
In Section 2 we present the photometry of the central star based on HST/STIS acquisition images and the ACS/HRC observations. This is followed by a section on the ground-based data from the AAVSO and then a general discussion about how these results relate to the models which have been presented to describe η Carinae.
Space-based Photometry of the Central Star
Normal ground-based imaging and photometry cannot resolve the central star and small structures in the Homunculus nebula. In this study, we have used the HST/STIS acquisition images which have a resolution of about 0.1 arcseconds plus the recent ACS/HRC images which have a resolution of 0.05 arcseconds to separate the contribution of central star from the surrounding nebulously.
HST STIS Acquisition Images
Each set of STIS observations of η Carinae has included a pair of acquisition images. These images are 100x100 pixel sub-frames (5 arcseconds square) centered on the middle row and column of the CCD (Clampin et al. 1996; Downes et al. 1997; Kim Quijano et al. 2003) . Each pair of acquisition images includes an initial targeting image and a post-acquisition image. Only the post-acquisition images were used to measure the brightness of the central star because the target is rarely well centered in the initial targeting images, which raises concerns about ghost images and internal reflections that may unpredictably affect them (see section 2.1.2).
The majority of the STIS acquisition images of η Carinae have been taken using the F25ND3 filter, which is a neutral density filter that covers the wavelengths from 2000Å to 11000Å. Acquisition images using other filters are ignored since they lack significant temporal baseline or coverage and there is little hope of transforming between filter functions for an object as peculiar as η Carinae. The F25ND3 filter includes several prominent features in the spectrum of η Carinae (Figure 1 ) and changes in them contribute to any measured brightness variations.
Image Processing and Bias Level Correction
We processed the STIS acquisition images using the IRAF 1 procedure stas.hst calib.stis.basic2d with version 3.0 of STDAS and version 2.13 of CALSTIS. En lieu of a bias over-scan region, each STIS acquisition image has the uniform value of 1510 counts subtracted from each pixel as an approximate bias level correction for the target acquisition process. A small uncorrected bias level remains in the acquisition images after this initial correction, so we compensate for this tiny effect by modeling it as a function of time and CCD housing temperature.
This residual bias was measured in acquisition images of the standard star AGK +81 266 after the normal bias correction and dark current were subtracted. The exposures of AGK +81 266 are short (2.1 seconds) and it is more than 60 degrees above the ecliptic, so zodiacal light and other sources make a negligible contribution to the background (Kim Quijano et al. 2003) . We found that the residual bias level in the images of AGK +81 266 ( Figure 2 ) is roughly linear with respect to time prior to the failure of the CCD Side-1 controller on May 16, 2001 (Proffitt et al. 2002; Davis et al. 2001 ). There may be higher order terms in this relation however they are not significant in this study since they effect the measurements of the central star by less than 0.001 magnitude. Subsequent to the failure of the Side-1 controller the STIS CCD temperature regulator has been held at a constant voltage permitting the CCD temperature to fluctuate. As a result, after the Side-1 failure the residual bias level of the observations depends on both time and CCD housing temperature. 
When the modeled bias level is subtracted from the AGK +81 266 data the background levels average to −0.03 ± 0.63 counts/pixel/sec (Figure 2 ). This correction was applied to the acquisition images for η Carinae in place of the bias over-scan correction normally implemented in the IRAF basic2d procedure. Typically the bias correction amounts to less than 0.005 magnitude for the measurements reported below.
Aperture Photometry
The flux from the central star was measured in each image by summing detector counts within a small circular virtual aperture. In order to avoid pixelization effects, the counts were weighted by a function of the distance of a pixel from the aperture center (r) which decreases smoothly to zero at the aperture radius R:
The centering on the star is determined by a peak-up algorithm which locates the position where the sum inside the virtual aperture is maximized. For the STIS acquisition images we used R = 3 pixels which corresponds to a diameter of 0.3 arcseconds and includes slightly fewer than 30 pixels.
We did not attempt to subtract a background from the measured aperture flux, but this has little effect on the results since the star provides thousands of counts/pixel/second, far greater than any other contribution within the measuring aperture due to scattered and zodiacal light which contribute only about 0.2 counts/pixel/second or less (Kim Quijano et al. 2003) . There is no feasible way to account for or remove the contribution from diffuse circumstellar material within 0.1 arcseconds of the star. However, STIS spectroscopic data indicate the level of contamination from this source is much smaller than the other uncertainties.
Ghost images exist in the STIS optics but do not contribute significantly to our measurements. When a bright source is centered on the CCD, a ghost image with an peak flux of a few percent relative to the PSF maximum appears approximately 0.3 arcseconds (6 pixels) to the right (increasing column number) of the peak of the point spread function. The 0.3 arcsecond diameter aperture used to measure the central star excludes this ghost. However, any future work that may attempt to measure the flux from the nebula immediately surrounding the central star in these images must confront this problem.
The reduction procedure was tested using 80 pairs of acquisition images of the flux standard AGK +81 266 (Figure 3 ). The measured aperture photometry for this standard shows a constant level with an r.m.s scatter of ±0.037 magnitudes. It should be noted that AGK +81 266 was observed using the F28x50LP "long-pass" filter rather than the F25ND3 filter which was used for the η Carinae observations. At the same time, the gross spectral energy distribution of AGK +81 266 (spectral class B5) and η Carinae are very dissimilar. This is not significant since AGK +81 266 is only used to demonstrate that this method accurately measures a constant brightness over the temporal baseline for an established flux standard. The brightness of η Carinae is not measured relative to AGK +81 266.
Results
In Figure 4 and Table 2 we present our results for the STIS acquisition images as instrumental magnitudes calibrated for long term sensitivity effects using the photometric constants calculated by the reduction pipeline (Kim Quijano et al. 2003) and scaled relative to the value on 1999 February 20 (1999.14). These represent an extremely broad-band wavelength sample (Figure 1 ). For the purpose of comparison with familiar photometric systems, Table 1 gives approximate Johnson V (Johnson & Morgan 1953) and Cousins R and I (Cousins 1976 ) magnitudes at the reference epoch (1999.14). These were calculated using flux-calibrated STIS spectroscopic data , a flux-calibrated spectrum of Vega (Colina, Bohlin, & Castelli 1996) , and the appropriate response functions (Johnson & Morgan 1951; Bingham & Cousins 1974) . For reasons noted in Section 1 and uncertainties in the STIS slit throughput for an object which is not exactly a point source, entries for η Carinae in Table 1 probably have uncertainties of roughly ±0.05 magnitudes and could possibly be somewhat worse. It is also possible that the photometric color may trend mildly blue-ward as the object brightens ).
The Homunculus is currently of 5th magnitude according to ground-based Johnson V photometry (Section 3 below), but the central star is fainter than V = 7.0 as stated in Table  1 . Its apparent continuum is red, while stellar-wind emission lines contribute a significant fraction of its brightness. In the 1999.14 spectrum, Hα and other emission features contribute about 16% of the flux in V (4% from Hα) and 38% of the flux in R (35% from Hα). Meanwhile, there is about a 5% affect on the I flux from the Hydrogen Paschen lines which are in emission. Because these emission features are constantly changing, it is not possible to formulate a consistent set of transformations to convert the STIS magnitudes to more familar Johnson V and Cousins R and I magnitudes for η Carinae. However, the values presented for 1999.14 can serve as a rough zero point. Figure 6 ) may be reminiscent of the near-infrared behavior reported by Feast, Whitelock, & Marang (2001) . This will be discussed further in Section 4.
Concerning Hα Emission
Eta Carinae's broad Hα emission, produced in the stellar wind at radii of several AU, is tremendously strong (equivalent width usually about 800Å). This feature did not vary much relative to the continuum in STIS data from 1998 to 2002, but recently it has faded to a surprising degree as reported below. Since Hα contributes appreciably to the STIS acquisition images, we have investigated the effects on our photometry. Davidson (2003) has measured the equivalent width of Hα and estimated the absolute level of the nearby continuum in short-exposure STIS slit data. Hα was integrated from 6509 to 6650Å, and the continuum flux was averaged between 6740 and 6800Å (an interval that is practically uncontaminated by emission lines). These continuum measurements have the advantage of being approximately calibrated in physical units, but on the other hand may be underestimated if the slit was not perfectly centered on the star. Fortunately, the Hα equivalent width measurements are quite insensitive to slit position. The results are shown in Figure 5 . We estimate that Hα contributes from 8% to 16% of the STIS/F25ND3 counts, varying with time as listed in Table 2 . Open triangles in Figure 4 represent the instrumental magnitudes that would have been observed if Hα were not present; evidently the brightness minimum in early 2003 and the subsequent rapid brightening are not due to this emission line. The measured brightness fluctuations in the central star appear to be mainly (though not entirely) changes in the continuum brightness.
In the six months preceding the 2003.5 event (December 2002 to June 2003 , the equivalent width of Hα declined by a factor of nearly 2, while its line profile evolved in an interesting and unexpected way which is beyond the scope of this paper. The other Balmer lines behaved in a similar fashion. Moreover, in July and September 2003 they did not return to the state observed by STIS in 1998 at the corresponding point in η Car's 5.54-year cycle. A more in-depth account of these effects will be reported in a paper which is now in preparation (Davidson et al. 2004 ).
ACS/HRC Observations
HST ACS/HRS observations of η Car were obtained for the HST Treasury Project beginning in October 2002. Bias corrected, dark subtracted, and flat fielded ACS/HRC images were obtained from Space Telescope Science Institute via the Multi-mission Archive (MAST) 2 . Observations which had overexposed the central star were not used and no drizzle or dithering correction is applied.
The ACS/HRC images were taken in four filters which cover near UV and optical wavelengths (Figure 1) . Each of these filters is influenced by different types of spectral features. The UV filters (HRC/F220W & HRC/F250W) are heavily influenced by the "Fe II forest" (Cassatella, Giangrande, & Viotti 1979; Altamore et al. 1986; Viotti et al. 1989 ). The opacity of this "forest" is known to dramatically increase during an event (Davidson, Ishibashi, Gull, & Humphreys 1999b; Gull, Davidson, & Ishibashi 2000) . The HRC/F330W filter is sensitive to both the Balmer continuum and a number of emission features while the HRC/F550M filter, strategically placed between Hα and Hβ, almost exclusively measures the continuum.
The relative brightness of the central star in the ACS/HRC images is measured with the same weighted 0.3 arcsecond diameter aperture used to measure the STIS acquisition images. On the scale of the ACS/HRC this corresponds to R = 5 pixels and includes about 79 pixels inside the aperture. The results are given in Table 3 and Figure 6 . The magnitudes given are on the STMAG system (Holtzman et al. 1995) as calibrated by the photometric keywords calculated by the reduction pipeline (Pavlovsky et al. 2003) . Note that the HRC/F220W and HRC/F250W curves show a significant dip at the time of the 2003.5 event, due to the Fe II absorption as noted above. Interestingly, the visual continuum measured by the HRC/F550M filter does not show the decrease in brightness seen at longer wavelengths in the STIS data.
Ground-based AAVSO Data
While space-based photometry is able to resolve the central star, ground based photometry measures the integrated brightness of both the star and the Homunculus nebula. However, ground-based photometry is still valuable because it has a longer temporal baseline and shows many of the same brightness variations, albeit at different amplitudes. Also as more publicly funded small telescopes are closed the data from the AAVSO and groups like La Plata observatory (Fernandez Lajus et al. 2003) will become increasingly useful for monitoring objects like η Car.
One of the few sources for long term monitoring of η Carinae is the American Association of Variable Star Observers (AAVSO) (Mattei & Foster 1998) . From 1968 From through mid-2003 there are 6640 observations from 110 observers situated around the globe 3 . These data are from individual observers who have determined the brightness of η Carinae by visually comparing it with the brightness of other stars. Ten observers account for 69% of these observations while 36% of the observations are from the two most prolific observers: M. Daniel Overbeek (Mattei & Fraser 2003) and Albert F. Jones. On average, there are 60 observations per observer but the median is 9 observations per observer.
We averaged the observations in 90 day bins with a median of 32 observations in each bin. The bottom panel of Figure 7 shows binned averages from 1968 through mid 2003 with a typical standard deviation of 0.2 magnitudes, which is consistent with the accepted usual r.m.s. error of 0.1 -0.2 magnitudes for observations of this type. The top panel of Figure 7 shows the photoelectric Johnson V band photometry (PEPV) from Stan Walker ), photoelectric observations from R. Winfield Jones obtained through the AAVSO, and the average V J magnitude from ground based observations reported in Figure 2 of Davidson et al. (1999b) . The data in both panels follow the same general trend and compare well with the data presented in Figure 2 of Sterken, de Groot, & van Genderen (1996) . Even the most primitive AAVSO data track the professional photometry well enough to show irregular behavior. The maximum noted by Sterken, de Groot, & van Genderen (1996) at 1982.11 is visible in all the data, though the errors in the binned AAVSO data make it harder to recognize. Each dataset also shows an overall brightening trend in η Carinae over the past thirty years along with a notable jump in brightness in 1998-1999 ). 
Analysis & Conclusions
The data presented here from the HST and ground-based observations confirm the dramatic brightening in both the nebula and central star of η Carinae which was previously reported by Davidson et al. (1999a,b) and Sterken, Freyhammer, Arentoft, & van Genderen (1999) along with a more gradual brightening spanning the past thirty years. All the available data also show that the apparent brightness of η Carinae fluctuates with no obvious period. We also see intervals (on the order of months) with short lived increases in apparent brightness similar to those reported by van Genderen, Sterken, & Allen (2003a) . The 2003.5 event, as observed in the brightness fluctuations of the central star at visual wavelengths, was characterized by a roughly six month rise, then a sharp dip in most filters, followed by a recovery to the highest flux observed for the central star in recent years, which may be the start of another significant brightening episode. Again we emphasize that since 1997 the central star has brightened substantially faster than the Homunculus (compare Figures 4 and  7) . (2003)) which coincided with a steep drop in Hα luminosity ( Figure 5 ) and the beginning of a dip in brightness in the near-UV (Figure 6 ). The start time for this pre-event activity is important because most models which invoke a binary companion to trigger the events place the secondary on a very eccentric orbit where it is in close proximity to the primary for only a very brief period of time during each cycle. Feast, Whitelock, & Marang (2001) showed that the J, H, K and L bands brightened roughly 500 days before the time of the events over the past two decades with an additional sharp rise in the J, H, and K bands about 80 days prior to the 1998.0 event. The X-ray flux from η Car and M. Corcoran's web page 4 for data on the recent event) also increased before the 1998.0 and 2003.54 events, preceding them by about 350 and 700 days respectively. It is not necessary or expected that all of the pre-event activity will temporally coincide since each of these data measure activity which occurs at different radii from the star and a shock front which pushes deeper as the event proceeds will not affect each process simultaneously. Also, as noted below there is compelling evidence that the state and distribution of the material immediately surrounding the central star has evolved over time so while the activity prior to the event should maintain roughly the same sequential order, the exact start times relative to the event could potentially change from cycle to cycle.
The ACS/HRC data show that the brief dip in apparent brightness during the 2003.5 event is not achromatic. The ACS data show that the depth of the dip is wavelength dependent; the dip is deeper at shorter wavelengths and the brightness continually increased in the HRC/F550M filter through the last data point. However, Feast, Whitelock, & Marang (2001) showed that the brief decrease or dip in luminosity occurred at all of the near-IR wavelengths during the 1998.0 event (Figure 9 , reproduced from Feast, Whitelock, & Marang (2001) ) and Whitelock, Marang, & Crause (2003) reported similar activity during the 2003.5 event. This leaves two possibilities which are not mutually exclusive:
1. The decrease in brightness occurs later at redder wavelengths and/or 2. The decrease in brightness is driven entirely by increased line opacities, decreased emission lines, and Balmer and Paschen continua formed in the wind, rather than a change in the star's continuum flux. Feast, Whitelock, & Marang (2001) show that during the 1998.0 event, the dip in the J band occurred about 35 days later than the dip in the X-Rays. They also note that the epoch of the minimum in the dip increases slightly with increasing effective wavelength (Figure 9) . Whitelock, Marang, & Crause (2003) (2003) and van Genderen, Sterken, Allen, & Liller (2003b) . Therefore, it is unlikely that we missed the dip in HRC/550M due to sampling.
Likewise, strong P-Cygni absorption is present in the hydrogen lines during the event (Davidson, Ishibashi, Gull, & Humphreys 1999b) . Since the hydrogen emission lines contribute significantly to the total brightness of the central star, anything that changes their profiles will change the brightness measured in a filter which they influence. The HRC/F550M filter covers none of the prominent emission lines and it shows no dip concurrent with the dip in the other filters. Therefore, this may indicate that the bolometric luminosity of the central star is largely unaffected by the mechanism which causes the observed decrease in brightness. Davidson et al. (1999b) discuss several possible explanations for the variability in the brightness of the central star of η Carinae. Since the star itself radiates near the Eddington Limit, there is little room for rapid or dramatic changes in bolometric luminosity. This is supported by the fact that the surrounding nebula, which acts as a giant calorimeter for the central star, varies in brightness on a significantly smaller scale. If the bolometric luminosity of the central star stays roughly constant, then significant variations in its brightness may be more appropriately interpreted as changes in the density, temperature, and spatial distribution of intervening circumstellar material. An expanding shell of ejecta from an event may be able to produce the observed light curves (Zanella, Wolf, & Stahl 1984; Davidson, Ishibashi, Gull, & Humphreys 1999b; Davidson et al. 1999b; Smith et al. 2003) . Any ejected shell should start hot with high opacities from ionized metals and then later shift these opacities to the red as the shell cools and dust forms. Particularly at early stages, this shell may be optically thin and as such would not have a significant impact on the continuum brightness.
The data show that central star of η Carinae continues to brighten. We are unsure how long this trend can continue but it appears to be driven by an increase in the apparent continuum brightness which may be caused by changes in the intervening circumstellar material along the line of sight, although how or why the circumstellar material may have been been altered is not completely understood. Continued monitoring is critical since coming out of the 2003.5 event there are indications that the central star may undergo another period of sudden dramatic brightening in the near future.
The brief decrease in the star's brightness during the 2003.5 event was more complicated than expected and changes preceding the event in the optical and near-UV started as early as January 2003. The wavelength dependence of the dip indicates that it cannot be caused by a simple eclipse or occultation. If the primary star is eclipsed by the presumed secondary we would expect to observe some decrease at all wavelengths including the HRC/550M band which measures the continuum. On the other hand if an eclipse of the secondary is sufficient to cause a dip of approximately 0.5 mag in the near UV flux of the central star, then we would expect to find some spectroscopic evidence for the secondary in the HST/STIS spectra during the 5.5 year cycle which is not the case. However, the data may support a shell ejection model for the spectroscopic events. Additional data, including spectra gathered by the STIS during the 2003.5 event, should further constrain the mechanism powering these periodic phenomena.
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